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IDENTIFYING AND QUANTIFYING RESISTIVITY ANISOTROPY 
IN VERTICAL BOREHOLES 

T. Hagiivaia ami R Zea. HaUnsuiton Hneigy Servio^ 



ABSTRACT 

^e^sMty anisotropy is not uiraxinKni in eaith 
formations, and the knowledge of its preseooe and 
degree can he valuable in petrophysical analysis* well 
planniDg, and rig-site safety. Hie knowledge gathered 
in vcvtieal wells is important fbr identifying and 
evaluating tbinly laminated formations, establlsfaiog 
reliable welMo^well carreladons vA/ca some of ibe 
wens are Ligbly deviated, esdmadng geopressutes in 
deviated borates, and geostecring during driUing. 
Ahhougb resistivity anisotropy is readily observable 
and quantifiable wifli loggmg-while-driUing 
(LWDX resistivity devices in highly deviated welb, its 
detection and assessment in vertical holes has been 
i^bsive until recently. • 

method has been dcrveloped to iden^ and 
i esthttate renstivity anisotropy in venieal boles. The 
method is derived fiom two-dimensional (2D) 
modeling of electric- and inductian-Iog responses. 
Ttom the difference between electric- and inductioii4og 
resistivity measurements or between deep- and shallow 
. investigating, electric resistivity measurements, 
vJSSistivity anisotropy can be estimated* The mettiod is 
eqyecialb^ useful when it employs data from a' higb- 
jcsohition induction device and a shallow, focused* 
resistivity tool, which form n routinely nm logging 



Ihia paper de&effbes the new metfiod. presents 
logging data that iUustiaiie its application and soppoit 
il8 results^ and discusses its appHca^on to lAvaded 



INTRODUCTION 

Electric resistivity logs often read differemly from 
mduction bgs hi apparently homogeneous formations. 
Thick shale fbmations aze good examples of such 
homogeneous fbnnatloDa. hi thide shale fonhatiflQ8» 
spherically focused logs (SFLs) and digitalty focused 
logs (DFLs) always show higher resistivity values than 
dual-induction logs CDILs). hi thick shale foimations, 
dual latcrologs (PLLs) show higher resistivity Aan 
induction logs whenever both types of resistivity logs 
are ran. It has been also noted that deep and shallow 
hterolog (fAJ> and IX^ neasurementa are not equal 



to each other, as they should be in HtMp shale 
fonnations whoe no invasion of borehole mad is 
expected Deep and mediuoi induction logs (ILDs and 
ILMs) show identical resistivity values in tiicse 
foimations, indicating no invaskat 

Chemali ct aL (1987) exantined the e^ct of 
fonoatioa anisotropy on resistivity responses of bodli 
laterologa and faiduccioik logs widi 2I>«iodel 
calculations and noted diat die ftnnatmi anisotropy 
causes laterologs to read diffetenfly from hidiiclian 
logs. Most significantly, amsotrapy af&eia hterolog 
responses even in vertical holes. By anatyzing the 
rcsuhs of ChemaH et al, Hagrwara (1994) noted diat 
the effect depends logarithmically on the anisotropy. 
He then derived a set of cmpiriCBl equations to idate 
the difference between latoolog and faidurtion log 
resistivity to anisotropy. The an^sis ^was cxtG&ded to 
inchide DFLs (Hagiwara, 1997). which are roiltinety 
run with high-resolution induction (HRI) loga. 

Resistivity anisotropy is not unomnmon in 
fomiation logging and evahiation. Shale formatioos are 
kncFwn to be often anisotropic (Clark, 1996; Jacksoo 
and Hagiwara, 199S). If a ftanaatiOQ has' anderityog 
anisocroiHc geomeny, such as aligned fiactntts and 
laminations^ the fonnation appears aa macrascopicaUy 
anisotropic to logging tools. For msiance^ •dtnly- 
laminated sand and shale sequences exhibit anisotropy 
(Haghvara. 1994, 1995). Ihe resistivity m die dhection 
peipendicular to lamixiation is different from that in dia 
difedioQ patallel lo laniinatian. When ooaia^ and fine- 
grain sands fium .ahemate l»ym in a fnnn>rtiii>, ilme 
fovmatimi also exhibits anisotropy bccauae of die 
layered structure (Klein et aL, 1995), The aiUsotrcpy 
efiBxt appears onty at higbtr relative (efiecdve) d^ 
angles (Bittar et aL. 1991; Hagiwara 1994» 1995; and 
Rosdial 1990), namely in highly dippmg fotmatnus or 
in highly deviated boreholes, for induction lo^ and 2- 
MH2 LWD resistivity devices. Wica the relative dip 
angle is small, these resistivity to^ do not give 
faidlcadens of anisotropy. Ihey measure onty ifae 
horizontal resitivity in such cases. 

Knowledge of whether a fi»muilian aitisatnqiSc 
bears si^ficantly on identi^mg and evahiating tfrinly 
lamhiated finmuioins (Kagiwan. 1994. 1995). 9iafe 
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anisotropy (Jackson and Hagiwara, 1995) is also useful 
m wen-tD-well coiKlations, especially when same 
wells are highly deviated. To ci>rreG^y rffthnatiff 
geopmssuie from shale reslfitSvity m deviated 
boreholes, shale aiusotropy must be knownu Anisotropy 
is also important in geosteedng witti resistivity data 
<Jadcson et aL» 199S; MacCullvm et al^ 1998; Rosato 
and Beck. 1997; and Wtt et al., 1996). Hence, obtairting 
anisoiropy data in vertical wells is especially useful 
before field development in areas where highly 
deviated boreholes or horizontal wells may be drilled 
later. 

One metfiod to identify md esttmate anisotropy in 
vertica] wells is to use the difTcreneea between eleetric 
and induction log resistivities and between deep and 
shallow electric Iqg measurements. We present the 
results of 2D model calculations for electric resistivfty 
measurement in vertical boles in anisotropic 
fbfinrtiotis. The results were compared with the actual 
fieild data from an assortment of resisdvity logging 
tools, iodiidiQg I«FL, HRK^ and new hostile- 
envvooment daal latertlog OHEDL) tools. Self- 
consisteaey aoiong electric and induction resistivity 
measufememtB was established after fbnaation 
I anisotropy was considered. Ftom observalioD^ we 
' derived an interpretation method to estimate formation 
anisotrt^jy eiflier from oompaiisQD of electric and 
induction resistivity measurements or from the 
difTerence between deep and shallow electric resistivity 
measuremems. Famieiilsrty aiipropriatn is'difi use of fte 
le^stiv&y data fifom a fifaanow-reading; deenie 
resisthdty device, mcb as the DFL diat Is run routinely 
lUBwiHillieHiatochL . 

ELECTRIC LOG RK5TONSB TO ANISOTROFY 
We modeled toterolog responses to anisotropic 
fomiadons widi a 2D modeling code. Figure 1 shows 
the effect of fbrniation anisotropy for deep and shallow 
DLL. measiBements OXI> and LLS» respectively) and 
DFL in an 8-inch borehole. Figure 2 diows how the 
anisetropy effect changes as a fbnction of bordiole sixa 
when DLL tool diameter is 3.5 inches and formation 
anisotropy C^V^ is 9. and R^ are respectively the 
vertical and horizontal resistivities of the formation. 
Note that die eStei of anisotropy hicreases sharply as 
die borehole size increases from 3.5 to 4 inches, 
especially at higher (hotizonta]) foimation resistivity. 
Note also ftaft the efifect decreases slowly as die 
bordiole size increases from 6toVS inches. 
. The effect shown in Figures 1 and 2 is a 
f combinatioQ of botti borehole and fonnation 
anisotropy. To cstunatc i&« nee anisotropy efftciy wa 



ccmipared the apparent resistivity in an anisotropic 
formation (RJ, where R« ^ R^ w!di ^ apparent 
resistivity in an isotropic foimation ^ „ ,mp^_>, where R^ 
« Rfe. The result is diown la Figure 3, in which 
^JRa^itaafit is plotted ou die y-oxis and R^/R. Ott the X- 
aocis. R«, is mud resistivity. We note again thM the net 
anisotropy effect increases sharply as the borehole size 
increases from 3.5 to 4 indies. In a more realistic 
situation in wiiich the bor^ole size ranges between 8 
and 12 inches, die net anisotropy increases slowdy as 
borehole size incitasea. We eompatcd the net 
anisotropy cffeet also by applying a borehole 
n isotmplc fbimation. The 
apparent resistivity (R^ is Ibea 
compared wife induction-log deep resiaivity (Ru)» 
which is the horizontal resistivity R|^ The results are 
shown in Figure 4 for Afferent atusott^jiy values. Note 
also that the electric resistivity logs always register 
larger apparent resistivity than induction loga in a 

homogeneous, anisotrt^ic fonnadoo. . .. . 

In fee fwld, when one liies to detect the anisotropy 
of feinly laminated sequences, R^R. is usually m « 
range from 1 to 100, and the net anisotropy effect 
remains nearly oonstant According to Hgure 4» the 
tmisotropy efitect incieases logarithmicalty in toma of 
anisotropy IV^t- For an 8-inc)wiiatDctcr bordiole, we 
CHagiwara, 1994. 1997) found diat 

R^ • 1 .00 + 0.10 /n OVRJ for LLD (1) 

R^ 1 .00 4- 0.17 bt aVR«) fbr LLS ^ 

R^ 1.00 -I- 0.17 (R/RO ftr DFL ...^^..(3) 

Note that the effect is larger on the LLS than on the 
LLD. The efibct on the DFL is similar to feat on fee 
LLS. 

The anisotropy effect Is relatively insensitive to the 
borehole size. li^ for eadi tool, we parameterize fee 
above relation as a ftanctioa of bordmle (AtJ^ 



R^ « 1 .00 b(A„^ /h OVRfc) . 



-(4) 



The tooWrelated coefficient bCA^J is nearly constant 
for between 8 and 16 indies fivfeo DFU LU), aid 
LLS. See Table L 

A similar anisotropy efibct is crbserved in ofeer 
electric iesistivity tools. A new dual taterolc^ tool 
(HEDL) has been designed for hostile environmenta. 
Because HEDL electrode specifications are different 
fiom tbosc of tne convendonal DLL| the wOta of 
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borehole and formation anisotnopy on tiae HEDL 
response can be (UlTereiit. We found that the anisotropy 
effect on HEDL is similar to that on tite DLL. 
Again, effect is larger on ^ HEDL shaHow 
resistivity (HLLS) than on the HEDL de<p resistivxty 
(HIXO). Modeling analysis suggests that fbr an g-lndi- 
diameter bomhole^ 



R^«K00-i'0.16J>t(IMRJ for HLLS , 



-(€) 



the same reservob' is unlikely. Kowever, aootber 
method is av^able to detect and measure amsotropy 
from electric redstivity measurements alone. K&roe|y» 
if an oAer environmental effects, particularly inva^on, 
art either absent or corrected, the difieienee between 
the LLD and LLS measurements «Sft be used to 
estimate bodi and Hv* 

AnisotrOpy Ky/R^ is c omput ed ftom ULD and LLS 
resistivity data tRmi and Rii*. re sp ec ti vely) hy 



ANISOTROFY DETERMINATION BY 
ELECTRIC AND INDUCTION LOG 
COMPARISON 

The preceding discussion shows that electric log 

fcsponsQ is affectBd by fonxiaticii anisoOropy, even in 
vertical boreholes, and the SQisotropy effect is nearly 
constant over a wide resistivity ^R^R^ range. On tfie 
other hand, an indncdon log is afiiwted by anisotropy 
only for high relative dip angles. Induction logs 
measure horizontal resisdvity in vertical boreholes. 
Therefore, by consparing the electric end iodoction log 
resistivities, we can identify and measure the anisotropy 
of a fonnation in vertical boreholes.' 

The preceding empirical relations observed cm be 
-used to estimate the magnitude of ani&otropy. Note, 
however, that, because of the logarithmic In (R«/Rm) 
- dependence, Rw^Rn estimates are sensitive to an R«/R|| 
estimalB;. A 1^ changie in R. or R^ would cause nearly 
a 6.m cbange in the K/Rk «stnnatB at J^/Rk « 9. 

Ihe eleclife leg hi dils mcdtcd is not Kmlted to the 
DLL. For example, tihe DFL, which has a shallow depth 
of investigBtioin, is also suitable. Ruiming bodi a 
latcTolos and induction log is also usefiil not only for 
flijisQtropy detection but also fbr other aspects of 
ibrmad«n evaluation (Mezzatesta et aL» 1995). 
AldMUgb ninning bodi of diese types of resisdvity logs 
in one well or even in an entire reservoir is not a 
common iHactice, the HRI is routinely run widi a 
shallow-reading, clecoric resistivity log, such as a DFL. 
The dam from this conbixiation of loggmg tools can be 
used to determine anisotropy if the invasion effect is 
known or absent With this combination, the anisotropy 
of die shallow, invaded area around the borehole is 



ANISOTROPY DETERMINATION BY DEEP 
AND SHALLOW LATEROLOG COMPARISON 
The preceding method requires both induction and 
electric resistivity logs. As mentioDed earlier, running 
bodk types of resistMty logs to the same well «r even in 



{1 + biu> i« (Rv/R|)}/{1 + At OURJ}.. 



-CD 



by 



Horizontal resistivity R^ is determined 
substimting R,/R« into Equations 1 through 6. 

Figure 5 Bhowe how anisotropy R^ is estimated 
ihmi resistivily ratios RuVRbj>» Ruji/Rw ^ 
Ru^RtiD- Note that the IV/Rt estimate is sensitive to 
die Ru^B^RuD mtio, whieb b closerto 1 than Rcn/Ra^ 
The anisotropy ea tii n ai e ftom this mediod may be used 
only qualitatively. The method here is not limited to the 
DLL data. Data ftom any two electric resistivity tools 
can be used as long as the b coeflScicnts for Ibe two 
tools are sufficicntily different from cadi other. 

ANISOlllOFy AND INVASION 

Widieiit inva^on, tiie different deptits of In vesication 
among diffemt resistivity devfeea hardly . mattera. 
Hence, the shallow-investigBting ^JiFL data can bo 
compared with TLD and ILM data. The HRPDFL 
combWtion is useful for determ mmg anisotropy in 
vertical holes in shale focmationa Without invasion and 
in some laminaited foimatinna where iavasioa is 
iifgligiMff. 

When invasion is present, the resistivity data used in 
the method must be measmed at a sfanilar depth of 
investigation. We may use bodi DLL and DIL. Both 
have similar depths of investigation. If ILDs and ILMa 
sihow the same resistivily, invasion is negligible, and 
die nUD resistivity can be identified as the true, 
horiaontai resistivity. We can c ompare the DLL 
resistivily to the induction log lesMviiy. If tiie ILD and 
JLM read different^, tiien at least five resistivity 
measurements are necessary from the DIL and DLL to 
determine frve unknowns; R, and R^ fai the 
formation;' R, and R^ in the invaded zone^ and the 



3 



PA6E4S/66*RCVDAT12/6/20(l4 12:05:22 PM[Eastem Standard Tbn^^ 



mOflNMDSSMPNSRIRflM Fax: 7132668510 



Dec 6 "04 U:19 P. 46 



SFWIA 40^ Annual U»SSi>>8 Sympodiim, 




Alternatively, the shalloW'investigatms DFL resis- range of that observed for shale anbotropy (Cbak, 

tivity can b« ccnniiand with a shanow-mvestigating 1966). 

induction measurement trcm any array induction Laterolog resistivity is afiected by anisotropy. 

device. The anisotropy obtained from the comparison b Figure Ta^shows ^ comparison between HEDL and 

the anisotropy of thfi invaded znne, which is not the HRI log data in the same intervaL Unlike HRI deep and 

same as that of the virgin formation. Nevertheless^ &e medium measurements^ HEDL deep end diallow 

detennination that an invaded formation is antsotnple measurements exhibit differences between each other 

genetalty impBes that the fbumation is anisotropic below I^SO feet, and both are difftmit fium Ae HRI 

because the rtostivity amsotrofiy Is a reflection of resistivity throughout the ^hale formatiaD. If the 

anisotropy hi the geometiy of the fbrmatioa. fennatioB is anisotropie and its anisotropy is lo be 

detsnnined tan HRI-DFL measuranents^ then tiiese 

FIELD EXAMPLE difTerences must be consistent. With the assumption 

The metiiod was applied to a^al field data from a tiiat ^mi> ^ Rit> Equations 1 and 2 can be used to 

Aide shale formation in a test well in Fort Worth, calculate ^ csqiected HLLD and HLLS Radixigs 

Texas. Three types of resistivhy logging tools were nm (RfuoBr ^Wsexp) 4ie aniMtrDptc ahale. The 

in the well: HH>U DFL, and HRI. The DFL was nm rearranged equations are 
simvltaneously with fiie HRL 

The test wen is shaDiiw wiflk sn ppenhole section Rmuw^ttwo (IjOO-hO.!! AtCMU) (10) 

between 1,200 and 1,900 feet The borehole has 

diameter is 8 inches and is filled with fresh water* The Rhus69» " I^io {IMi^i^Jl^lnQLfli^) "OO - 

HRI deep and medium indoctlaa measaremems (HRD 

and HRM) show identical resistivity in tfiick Tbe anisotropy of Hgure 6c is obtained from DFL 

fonnations. Widiout invasicm. any difference between and HRI leslstivtty data. Tbe computed HIXS 

the deep and medium resistivity readings is anrlbuted to resistivity t^aisav is Oose to fise actual HLLS lag 

• thin-bed effects. The same can be said for die HEDL resistivity Rwttt. as shown in Figure 7b. The computed 

deep and shallow electric resistivity measurements HLLD resistivity Rt attv^ is also close to the actual 

(HLLD azul HLLS). Figure 6a shows the resistivity HLLD resistivity R^^o below 1,550 feet Hofwever^ the 

data from an HRI-DFL combination for the depth actual Rmlld resistivity is larger than R|&uie» above 

interval between 1,500 and 1,700 feet The gamma-r^y that depth. This difference is likely the result of a high* 

(GR) data hidicate that the zone between 1436 and resistivity, shoulder^ed eflect on the deep-reading 

1^74 fbet is shale* Hie resistivhy data tot the HLLD from a resistive ftraiatioD above l,52S feet 

fGRnation is shown « « Unear scale in Figure 6liw We also coniputed tiie anisotropy from HEDL and 

Throughout tiM fonnation. the DFL tesistivity la. . HRI resistivity data whh Equattons 10 and IL Flgore . 

consstently higher flun the HRI resistivity. Aa 7c shows the results. The anisotropy eompMed from tite 

expected, botii HRD and HRM show the same difference between HLLS and HRD is consistent witil 

resistivity values fai the shale. that from the difference between DFL and HRD. Hie 

An induction log in vertical holes measures anisotropy from HLLD agrees reasonably for die depth 

horizontal resistivity (RJ. The diflerence between HRI below 1,550 feet but is larger than tiiat from DFL above 

and DFL i cafcUvltlca is used to «5tiiiMit« shnte dun depth* c^nin lodteating a h^gh^ivBlstivtty* Bhouldcr- 

anisotropy. In pBrticiilar» if R«n/Rm ^ ^^ad/Rw then bed effect on die deep-reading HLLD. 

Fyiftirm ? VMflmr s An attempt to estnnate anisotropy from e 

oompaiison of raw HLLD and HLLS data was not 

Rkk/Rhmo* 1*00 + 0.17 AiOV^O C9) saiisfhctory. The anisotropy estimate was too low 

(R^/Rt 2 instead of 4), and die hnrizDntal resistivity 

Although Equation 3 was derived for resistivity data in estimate was too Itigh (R^ 15 ohm^m instead of 14 

thick homogeneous formations, we applied Equation % <^*m\ The horizontal resistivity estimate improved if 

to tiie log data at each deptii. The anisonopy thus die HLLD resistivity was lowered by 3 to 5% to 

calculated is nearty constant at about IVR^ " 3.5 to 4 in account for the possible shoulder-bed effect 
the shale foemation. See FIgvre '6e. We do not have 




any shale resistivity raeasnremoit from (he core to CONCLUSION 
confinn die anisotnqiy cstknaiei, but the vahic is m tiie Induction zeastivity devicGs read die horimital 

cesistivity in vertical holes. The vertical resistivity 
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BfiTccts Induction log responses only in highly deviated 
bofcfaoles or m fbnn^ioiis widi high Te]«tive dip 
anglcsu On d>e other hand, fonnation xesisdvhy 

The effea is manifcsttd as diflfereat borefaolc 
correcdons for diffemit fonnatioa anitotropies. The 
ef^as are tool dependecL The cfiftct is larger fbr 
shallowly focused laterologs, such as DFL and LLS, 
than ibr deeply fbcascd LLD. 

Analyzmg borehole oomctWDS tof diflerent 
fixutadon anisotropies shows ihst ihe effect has a 
neaiiy logarithmic dependence on anisotropy. The 
dffiWence between induction log and laterolog 
resistivities can be used to identify and quantify ibe 
fonnation anisotropy if other environmenta] effects are 
negligible or have been corrected. SlmHaHy, flwu^ 
less practicai. the diiferemce between the LLDs aad 
LLSs can be used to determine anisotropy. We propose 
a raefdiod t0 estimate anisotropy wxdi cmpiriGal 
eqiuciona that lebte anisotropy to ihe dififennce 
between two types of resutiviQr data. The method is 
valid for a wide range of fonnation resistivities. 

We applied the method to actual field data ttom a 
vertical bole in a fliidc shale fonnation whhout 
invasiotL From tiie DFL and HRI Msistzvhy data, ftio 
shale anisotropy was estimated to be 3^ co 4» The 
HEDL data are conaistent whfa Ihe anisoiropy vahie, 
. The HRI is routinely logged wxdi DFL. In shale 

. formations and in laminated ioxmatioas wjtb negligible 
Invasion, the difiTe^ce between the HRI and DFL 

. resistivity data can be used to detennine the formation 
anisottopy hi vertical holes. In invaded fonuations. 
both indocticm logs and laterologs should have similar 
dqyOts of investigatioa so that Ae ptesent raefltod is 
moBnifigftiL 

NOMENCLATURE 

o " oonduAtivity 

0 - deviation angle or angle 

t B porosity 

A ^ dbmeter 

b « tool coefSicietit for anisotropy oalculatioD 
H fbimationlhidaiess 
R ™ iiesistivtQr 

Stibacripli 

a "* ^ippiureiit 
hh bOTcfaole 

c ' coiTSctied' 

EXP - expected 

h ^ horizontBl 

V > vertical 



MoemcHilGs 

DFL. » digitally fbcosed log 
HEDL = hostile-environment dual laterolog 
HtLD — hostjic-cnvironmcm laterolog, deep 
HLLS - hostile-environment laterolog, diaQow 
HRD - higb-resohitkm induction, deq» 
HRM " h^g^TBsoludon inductSoD, meffinm 
HRI "> hlglwesolution huhm tio B 
LLD " laterolog, deep 
LLS B laterolog, diaDow 
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APPENDIX 

#ImpoTtAaee of Thinly laminated Fonnationiu 
Resistivity log9 are ci wnw ooly used to identify 
hydrocaihoa^-heaarmQ fbmaatiotts by dimr high 



resistivity readings. However, low*resistivily 
formations exist that are hydroc:arbon producdve. Many 
are thinly laminated fonnations composed of dun 
hydrocsibon-bearing sand laminae and 
nonproductive shale laminae. Because of the thin 
lamination, resistivity k>gs cannot resolve ^ resistivity 
of each individual lamina. Instead, resisdvi^ togs read 
an average rcsisdvity of die sand and shale sequence^ 
which IS less than die msistivjty of die sands. 

Because of this kw resisdvity leading^ hydracaibon 
saturation is greatly underestimated fbr thinly buninated 
formations and may be overlooked as nonjnxKJuctive. 
Suppose that a laminated fovmation is composed of 
Stfiii sand and 50% shale. The ratio of net sand 
thickness 10 gross formatroa thickness (N^) Is thus 
0.50. If fonnation porosity is 4w fiHmation thickness is 
H. and the sand laralnaa are saturated at 30% widi 
brine> dicn the leservo estnnsAe for die fbExnadon is 
given by 

(1 . SJ^H<N/G} - (U 030>f H<0.50) 

-0394-H 

Note that, if the sand porosity is about 30% and the 
brine resistivity is about 0.1 ahmtn. dien Atdii^ 
equation widi a ns - n » 1 yields a sand lanuna 
xcastivity of about 10 ohro-m. 

For diis same formation^ Suppose diat shale 1iwwS*m> 
resistivity Is 1 ohm>m. Then, the average (pardld) 
resistivity of die formation that the log would measure 
is 1.8 ohmntn. If the whole formation is regarded as a 
30% porosity sandstone formation, then a t.^^^lun'm 
resistivity suggests a 78% water satnnaiotL The reserve 
estimate is then 0.22<^*H. wbidt b about 40% lower 
tiian the true vahie. 

Interpretation of Thinly Laminated FormatloBib If a 
formation is known to be a thinly laminated sequeoee. 
then a conect, higher resisilvlty coo l^e obtained fbr tiie 
sand laminae from die low log resisfivitya In turn, u 
correct, higher hydrocarbon saturation can be 

w«<iTwntiwfl 

Consider the previous example. If the finrnatiion Is 
laiown to be laminated whh a 30% tVCr ratio and a 1- 
ohm-m shale-lamina resistivity, then a 1.8* 6hm«m log 
resistivity can be used to estimate a sand-lamina 
resistivity of about 10 ohmiu. Then, the true reserve 
estimate is calculated as 0^5-^H« wiudi is more dian 
60% larger dian 0.22-^H. the estimate one would 
obtain if the fismation were not known to be laiwina^ 
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DctoctSps of * Thialfy LsmiDatcd F«rm»tioii. 
Knowing wbedier a low^icststMQr ionnatioia is 
lamingied is iinpaitaiiL However^ ftw incAods exist to 
find Ibis infonnfldon. If cores are taken inm the 
fonnfltion. visufi] inspeclsmi can identify lamination. 
Witbout cores, teminatioD can be Sdcntified with high- 
resolntian downhole imaging tooh^ soch as electrical 
mScny-imagiftg and cncumferential acoustic sramiing 
devices. A dj|mieter and odiei high^resolution logging 
tools may be also used as !oqg as the tool can delineaso 



Does any other niediod exist to detennxoB 
lamination, especially .by resistivity logs akmd? Hie 
key is to recognize that a laminated formation appean 
to induction and otfier electric logs as a homogeneous 
and anisotropic fhrmation. Hence, a fonnatSon of 
slgaiiScaiit misotTX^ may well be a tarafaiated 
seqjuenee because most rock ibnnatfess are koown to 
be isotropic ot nearly so* 

Detection of Anbotropy in Highly Deviated Holes. 

Can anisotropy be measured by resistivity logs? To 
measure &nisotro|iy> at least two resistivity 
measurements must be made, and bo& the horizontal 
and vertical resistivities mtist be deternuned. T>tfO 
methods have been proposed to estimate anisotropy 
wi4i reslftivtiy logs: (I) the nse of an induction log or 
electric log in more i^aa one deviatad hok and (2) the 
use of a high-fiequeocy faiductioa tool in a highly 
deviated hole. 

Induction or Electric Log in More Tbmt One 
Vevbtted Borehole, In a deviated 
induction log leads 



(A-2) 



vAum Q is flie deviaticm aagjo (or dtp angle fior a 
dq^tQg formaiionX oj, Is die horiaontal fon ni d io p 
conductivity, and R/FU is die fonnatian anisolropy. 
Therefore, if a fonnatton is penetrated by nuttO dian 
one borehole widi a different deviatioa angle, 
anisotrt^ QVRk 1) can be esthnated from resistivity 
and conductivity data at Qiese bondiolea. However, this 
mcdwd nopoM at least two bOfdMka with lafgdy 
different deviatlan angles and assumes ftat te 
IbrmatioD remains unifoira between the two wells. 

Migk-Frequenty JbubteOon TM, Sack am a 
Measuremmt-mOe^DrUang (MWD) Toot Opmtbfg 
at 2 MHz, In a HIghfy Deviated BarekaU. MWD 
induction loob operating at a 2-MHb frequency deiive 
fbrmadon resistiviiy hi two ways: by phase diffaence 
and \y attenuation. The two respond difibroitly to 
mvaaien, shoulder beds, f onn aHo n d Sel i w < r ic constant* 
and fbniiation anisotropy* In a fliidc fimnatiao wifli ' * 
shallow or negli^le faivasion, the difference between 
the phase- and aixeniiation-derived resistivities may be 
a result of formatiott anisotropy. Some l-MHz 
induction tools use more tiian one transnutter^eoexver 
spacing. When these tools air used* die effect of 
anisotropy b realized as the 4i0erence between the 
phase- or attenuation-derived resisdvities from the 
difftcent spodngs after Hw mvasion effect is 
The anisolxopy effect ibe diflteence 
c two reristivititi iJ mote prominent fli 
higher deviation angles. Thus, this mediod does not 
appty to a vertical or low-deviation bordiole. 



Table 1— Tool Ceefliclenttbr ABbotropy Caienlatjoaa 





Sincihes 


lOhicbes 


12 inches 


l4Ulies 


- 16 Incihcia 




0.10 


aio 


o.u 


0.11 


0.ll 


-fe:— 


0.17 


0.18 


0.19 


OJSO 


0^1 




ai7 


0.18 


0*19 


0.19 


0.20 
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